We have previously identified proteins in fractions of culture filtrate of Mycobacterium tuberculosis with the capacity to induce cytokine production in monocytes, by using a technique we defined as "monocyte Western blotting" (immunoblotting). In this series of experiments, we have extended this technique to two-dimensional gel electrophoresis and have identified a novel 58-kDa protein of M. tuberculosis which induces production of tumor necrosis factor by human monocytes. Nitrocellulose particles bearing this protein were used to develop murine monoclonal antibodies by the technique of intrasplenic immunization. The protein was purified by preparative isoelectric focusing and gel electrophoresis and subjected to N-terminal amino acid sequence analysis. As tumor necrosis factor is a mediator of both pulmonary necrosis and macrophage activation for intracellular killing, this 58-kDa protein may play an important role both in the immunopathogenesis of tuberculosis and in mycobacterial immunity.
Mycobacterium tuberculosis shares with other intracellular pathogens the capacity to replicate within the phagocytic cells whose task is their ingestion and killing; cellular activation is therefore required for such killing to occur. Among the cytokines with macrophage-activating factor activity, the role of tumor necrosis factor alpha (TNF-a) is significant in mycobacterial infection (3-5, 7, 13) . Monocyte production of TNF is increased in acute pulmonary tuberculosis (16) , particularly at the site of infection (2, 12) , whereas it is decreased in chronic refractory disease (19) .
Bacterial lipopolysaccharide (LPS) is the prototypic stimulus for activation of cytokine production by monocytes. Although mycobacteria lack this polysaccharide, they nonetheless are potent inducers of cytokine production (20) . A related mycobacterial polysaccharide, lipoarabinomannan (LAM), may account for induction of TNF by avirulent mycobacterial strains (6, 14) , but in virulent bacilli, this property may reside primarily in proteins (24) . We have previously identified such proteins in fractions of M. tuberculosis H37Rv culture filtrate, by using a technique we defined as "monocyte Western blotting" (immunoblotting) (23) . In this series of experiments, we have extended this technique to two-dimensional gel electrophoresis and have identified a novel 58-kDa mycobacterial protein with the capacity to induce TNF in human monocytes.
MATERUILS AND METHODS
Antigens. M. tuberculosis H37Rv was propagated as a surface culture in Proskauer-Beck medium. After 6 weeks of culture, bacilli were removed by filtration through a 0.2-,um filter, and sufficient (NH4)2SO4 was added to the filtrate to yield a 50% saturated solution. The resulting precipitate was resuspended in water and dialyzed against water by using a Spectra/Por 2 membrane (Spectrum Medical Industries, Los Angeles, Calif.). Nucleic acids were precipitated by addition of 10% streptomycin sulfate, followed by dialysis. (10 ,ul [100 ,ug of protein]) was mixed with 90 ,ul of lysis buffer (11.14 g of urea, 4 ml of 10% Nonidet P-40, 0.2 ml of ampholytes at pH 3 to 10, 0.8 ml of ampholytes at pH 5 to 8, 1 ml of 2-mercaptoethanol, and H20 to 20 ml) and incubated at room temperature for 30 min. Isoelectric focusing (IEF) tube gels (1 mm) were prepared with 2.55 g of urea-0.7 ml of monomer-12 ,ul of ampholytes at pH 5 to ,ul of ampholytes at pH 3 to 10-1 ml of 10% Nonidet P-40-1.5 ml of water. The sample was applied and overlaid with diluted lysis buffer and bromphenol blue. Electrophoresis was carried out at 400 V overnight followed by 800 V for 1 h. Representative pH measurements were obtained by allowing 0.5-cm segments of a tube gel without M. tuberculosis filtrate to equilibrate in 1 ml of distilled water. The remaining gels were allowed to equilibrate in 10 ml of sodium dodecyl sulfate (SDS) reducing sample buffer for 30 min. A 10% 1.5-mm acrylamide gel was cast, and the tube gel was placed on top and covered with 1% agarose. Molecular size was estimated by using Sigma SDS-7b prestained markers. After electrophoresis, proteins were transferred to nitrocellulose paper, washed in phosphate-buffered saline (PBS), and stained with colloidal gold (Aurodye; Janssen, Piscataway, N.J.). A digital image of the blot was obtained by using a Hewlett-Packard ScanJet Plus scanner. Stained areas of the two-dimensional blot were cut from the nitrocellulose paper, allowed to dry, dissolved in 1 ml of dimethyl sulfoxide, and precipitated in 0.05 M Na2CO3, pH 9.6, in accordance with the method of Abou-Zeid et al. (1) . The [10 mg /ml]) were tested in both the presence and the absence of polymyxin. These concentrations have been previously determined to be optimal for production of TNF in cell culture (24) . The polymyxin B concentration (10 ,g/ml [final]) is sufficient to bind and neutralize half the mouse spleen cell mitogenic activity of 180 ,ug of LPS per ml (11) and can completely neutralize the effect of 100 ng of LPS per ml in terms of induction of interleukin 1 in monocyte cultures (24) . After 30 min of incubation at 37°C in 5% CC2, 900 ,l of the cell suspension was added to each well, and incubation was continued for 20 h. Supernatants were frozen at -30°C.
TNF. TNF was measured by using the murine L929 cell bioassay (23) . In this assay, five serial dilutions of samples (from 1:4 to 1:1,024) were tested in replicates of four samples for cytotoxicity against L929 cells in the presence of actinomycin D. Viable cells remained adherent to microtiter wells and were stained by neutral red dye. The optical density of the wells was measured by using an automated plate reader. Modified probit analysis was performed by using computer software developed by one of the authors (R.S.W.) to determine half-maximal units per milliliter (21) .
Enzyme immunoassay. Mouse hybridoma supernatants were tested for M. tuberculosis-reactive antibody by using polyvinyl chloride plates sensitized with M. tuberculosis filtrate as described previously (22 RESULTS One hundred thirty mycobacterial proteins were identified by gold staining of the nitrocellulose transfer following two-dimensional gel electrophoresis. The paper containing each peptide was excised, and a particle suspension was prepared. Each protein was tested for the capacity to induce production of TNF-ao by monocytes in the presence of polymyxin B. This polyene antibiotic binds to the lipid A portion of LPS and inhibits most biologic properties, including monocyte activation (8) , without affecting cytokine induction by PPD (24) or LAM (14) . Controls in this experiment included nitrocellulose paper alone (from a section of paper that had not been in contact with the gel), Escherichia coli LPS (10 ,ug/ml), and PPD (50 ,ug/ml). LPS and PPD were tested alone and in combination with polymyxin B. No measurable TNF was induced by the nitrocellulose paper alone. Three proteins, at 58 (pH 4.5), 44 (pH 4.2), and <27 kDa (pH 4.2), induced TNF production in monocytes; TNF activity in the remaining 127 samples was <5 U/ml (Fig. 1) .
None of the three proteins were abundantly represented in M. tuberculosis filtrate; molar quantities present in a single gel were no more than 20% of that necessary for N-terminal amino acid sequence analysis. Monoclonal antibodies to the three proteins were therefore developed by using the technique of intrasplenic immunization described by Nilsson et al. (15 These studies suggested that hydrolysis of the 58-kDa protein might account for the partial immuno-and bioactivity of the smaller proteins. Such hydrolysis may be difficult to control when M. tuberculosis is grown as a pellicle culture, as inoculum size and rates of growth may vary considerably between batches. Accordingly, filtrates prepared from three batches of M. tuberculosis were tested for reactivity with antibody 5D2 (Fig. 4) . The 58-kDa protein and the doublet were well represented in all three preparations. Production of the 36-kDa protein varied considerably, possibly because of variable hydrolysis or differential production in response to culture conditions. Although LAM from M. tuberculosis H37Rv is a relatively weak stimulus for production of TNF (6), we wished to determine whether contamination by LAM could account for some of our findings. Western blotting of 18 IEF fractions of M. tuberculosis filtrate using anti-LAM antibody was therefore performed. This antibody was developed against the mannose-capped LAM of the Erdman strain of M. tions of LAM and the 58-kDa protein in fraction 6, Western blot analysis was performed with anti-LAM antibody and 5D2 in this fraction (Fig. 6 ). The proteins recognized by 5D2 were distinct from the area stained by anti-LAM antibody. Thus, LAM was not responsible for the TNF-inducing activity we observed in either fraction 6 or fraction 7.
To determine the N-terminal amino acid sequence of the reductase of several species, including bovine and human, but not including mycobacteria.
DISCUSSION
In this series of experiments, we have used two-dimensional gel electrophoresis and monocyte blotting to identify three proteins of M. tuberculosis with the capacity to induce TNF production by human monocytes and have demonstrated recognition of two of these proteins by a monoclonal antibody developed via murine intrasplenic immunization. This antibody recognized multiple protein bands; of those, proteins at 58 and -26 kDa corresponded to the TNFinducing proteins identified in the two-dimensional studies. It is possible that the smaller protein represents a fragment of the 58-kDa molecule. Immunization with any of the three TNF-inducing proteins resulted in identical monoclonal antibodies, further supporting the hypothesis that they are closely related. Surprisingly, none of the monoclonal antibodies recognized the 44-kDa TNF-inducing protein found on two-dimensional blots, even those resulting from immunization with this peptide.
Monocyte products serve multiple functions in tuberculous infection, in terms of both immunity and disease pathogenesis. TNF-ot acts as a macrophage-activating factor in mycobacterial infection, facilitating intracellular killing of bacilli following ingestion by phagocytic cells (4, 7) . Mice treated with neutralizing antibody to TNF-a fail to form granulomas following intravenous challenge with Mycobacterium bovis BCG (13) , underscoring the importance of this cytokine in mycobacterial immunity. However, TNF may also mediate effects deleterious to the host in tuberculosis, including tissue necrosis (18) , and, in human immunodeficiency virus-infected subjects, induction of human immunodeficiency virus expression in latently infected cells (9, 10) .
Mycobacterial cell walls contain the polysaccharide LAM, which has a capacity for induction of TNF similar to that of LPS in gram-negative bacilli (14) . Mycobacterial virulence may in part be related to species-related structural differences in LAM, as that derived from virulent M. tuberculosis is a less potent inducer of cytokines (6) There is considerable interest in the identification of immunodominant and potentially protective protein antigens of M. tuberculosis, given the current increases in tuberculosis worldwide and the apparent inadequate level of protection afforded by vaccination with BCG. Proteins with the capacity to induce monocyte cytokine production, such as this 58-kDa protein, may be particularly immunogenic, as such a capacity appears to be a constant property of commonly used adjuvants. Studies to investigate the degree of reactivity of healthy tuberculin reactors with this protein, and to determine its immunogenicity in laboratory animals, are needed to test this hypothesis.
